Heat recovery unit (HRU) is a heat exchange device in drying process. In HRU, room air is preheated by waste hot air and then transported to drying oven to remove moisture, which helps to save both energy and time. The main purpose of this paper is to build a heat transfer model of HRU and study its characteristics. A numerical method based on fluid-solid coupling was used to calculate the heat transfer between tube and fluids, and the actual structure was simplified to improve computation efficiency. The results were validated by theoretical calculation and experiments. Effects of Reynolds number (Re) on outlet temperature, Nusselt number, and pressure drop were investigated. It was found that the thermal resistance of shell side is large, by reducing which the total heat transfer coefficient can be improved. The difference between finned tube and smooth tube is in the shell side. Larger Re of shell side leads to good heat transfer performance but also larger pressure drop which increases the flow resistance.
Introduction
The heat recovery unit (HRU) is a waste heat recovery device in printing process. The printed wet papers are sent into drying oven before being rolled up. Most of the existing devices use room air for drying and the air is discharged directly. However, the proposed HRU uses the waste hot air to heat up room air. After that the heated air is blown into drying oven, which saves a lot of energy and heating time.
The HRU is a kind of shell-and-tube heat exchanger. There are many researches about the shell-and-tube heat exchanger. By changing the structural parameters of baffles [1, 2] , fins [3, 4] , tapes [5] , and other accessories, the heat exchange efficiency was improved. Experiments are proved to be the most reliable and direct research method. With the rapid development of computer and CFD technology, the numerical simulation is another convenient and effective research method of lower cost and good accuracy [6] . The most important is that numerical method is free of operating conditions and could explore internal flow and temperature field.
The effects of baffle structures on fluid flow and heat transfer in shell side were studied with numerical method [7] [8] [9] [10] [11] [12] . Some researchers [13, 14] studied the relationship between fin shapes and fluid flow in shell side. Seo et al. [15] researched the shell side flow and surface reaction of shell side in the catalytic heat exchanger. Hughes et al. [16, 17] analyzed the variation of pressure and shear rate when the nonNewtonian fluid flows through baffles in shell side. Huang et al. [18] analyzed the effects of different combinations of heat exchange mudules. Kurnia et al. [19] compared heat transfer performance of various configurations of coiled noncircular tubes with computational fluid dynamic approach.
When using numerical method to separately simulate the shell side or tube side flow, the heat transfer type of walls needs to be set with constant parameters, such as temperature, transfer coefficient, and heat flux, which are not consistant with actual working conditions. To solve this problem, UDF (user defined functions) were used to improve the continuty of heat transfer and temperature variation between tube side and shell side [20] . Another convinient solution is coupling the walls between fluid and solid. Then the heat conduction and heat convection can be calculated at the same time. Jayakumar et al. [21] [24] simplyfied a super large shell-and-tube heat exchanger as a heat exchanger network composed of lots of simple single row heat exchange structure and researched the relationship between the network structure and temperature crossover. It can be seen that the application of fluid-solid coupled method is not enough, especially on turbulent flow in shell-and-tube heat exchangers.
In the present study, a simplified model of HRU is built and a numerical simulation based on fluid-solid coupled method is applied to study the process of heat conduction and convection. For both finned tube and smooth tube, the relationships between Re, Nu, pressure drop, and outlet temperature are analyzed.
Structure of HRU
The HRU (Figure 1 ) is composed of an insulation box and 144 aluminum longitudinal finned tubes. The insulation box is 1146 × 1050 × 3250 mm cubical box, in the middle of which there is a plate dividing the shell side flow region to form a counter passageway. The inlet and outlet of the shell side fluid are on the top of the box while the inlet and outlet of the tube side fluid are located on both sides of the box, respectively. The 144 Φ38 tubes are distributed as regular triangles and their bottoms are connected with a water tank which is used to discharge the water condensed in the tubes. On the tube side the waste hot air is used as hot fluid and the room air of lower temperature is on the shell side. The flow rate of both fluids is controlled by two centrifugal fans. The properties of the waste hot air and room air are shown in Table 1 .
Numerical Method
The counter flow is used in the HRU, and the tube side is the waste hot air while the shell side is the room cold air. There are a total of 144 finned tubes in the heater. Computing a complete model with so many tubes will cost long time and the accuracy is closely related to grid. To build a simple and accurate model, we made the following hypotheses:
(1) the hot and cold fluids can evenly pass through the tube side and the shell side, so the model contains only a pair of tubes;
(2) the hot fluid evenly surrounds the finned tube, so the shell side is a coaxial Φ70 zone around the tube.
Governing Equations.
The air flow in HRU is turbulent flow. The steady flow field was obtained by calculating NavierStokes equation with standard k-model. The governing equations to be solved are continuity equation:
momentum equation:
where is the static pressure and ⃗ is the gravitational body force. The viscous shear stress tensor is given by
Energy equation is as follows:
where eff is the effective conductivity, which consists of the thermal conductivity and the turbulent thermal conductivity; is the viscosity; the fluid energy is defined as
The turbulent kinetic energy, , and its rate of dissipation, , are obtained from the following transport equations:
In these two equations, is the generation of turbulent kinetic energy due to mean velocity gradients;
is the generation of turbulent kinetic energy due to buoyancy; is the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate; and represents the turbulent viscosity.
Coupled Method.
The coupled method includes generation of two-side walls and setting of thermal condition. In Gambit the computational zone is divided into connected fluid and solid parts by solid splitting. Then the fluid parts are connected with the solid parts with a single joint surface, which is called two-side wall. In Gambit, those surfaces are set to be wall.
When the grid is imported into Fluent, a shadow zone will be created automatically so that each side of the two-side wall is a distinct wall zone. Material of the fluid side is air and material of the solid side is aluminum. To couple the two sides of the wall, the coupled option should be chosen. The solver can calculate heat transfer directly from the solution in the adjacent cells without additional thermal boundary conditions.
Mesh and Boundary
Conditions. The simplified threedimensional structure of HRU is shown in Figure 2 . The structure contains three zones: shell side, tube side, and finned tubes. At the bottom the red region is the water tank connected with the tube side. Figure 3 shows the cross section of the finned tube and the smooth tube.
The computational domain is divided into fourteen parts. The six irregular parts are meshed with unstructured cell, and the eight straight parts are meshed with structured cell as shown in Figure 4 . Table 2 lists the grid independence check of the finned tube model. Considering accuracy and computational time, the grid 3 of 764 224 cells was used for simulation and the same cell size grid was built for smooth tube model with about 520 000 cells. 
Theoretical and Experimental Methods

Theoretical Calculation.
In HRU, heat transfer includes convection of fluids and heat conduction within tubes. For steady flow, the heat transfer rate equation and conservation equation are
where is the heat transfer rate; A is the surface area; 1 and 2 are mass flow rate of hot fluid and cold fluid; 1 and 2 are the specific heat of hot fluid and cold fluid; 1 and 2 are inlet and outlet temperature of hot fluid; and 1 and 2 are inlet and outlet temperature of cold fluid. Δ is the mean temperature difference, which is determined by
The overall heat transfer coefficient based on outer surface of tube is where 1 and 2 are the heat transfer coefficients of hot fluid and cold fluid; 1 and 2 are fouling resistances of hot fluid and cold fluid; , , and are outer diameter, inner diameter, and average diameter of the tube; is the thickness of the tube; and is the thermal conductivity of the tube. Through (7) the outlet temperature 2 , 2 , and heat transfer rate can be solved.
Experiment Apparatus and Procedure.
In the present work, heat transfer performances of HRU with finned tube are studied experimentally. The experiment apparatus includes HRU, drying oven, and two centrifugal fans as shown in Figure 5 . The red arrows show the flow direction of waste hot air, while the blue arrows show flow direction of room air. Measurements of inlet and outlet fluid temperature are carried out using four thermal couples. According to actual operation conditions, four drying ovens were arranged in series to complete drying process. Figure 6 shows the photo of testing site. The centrifugal fans are located basically the same as in Figure 1 . The drying oven and HRU were connected with two tubes.
To make sure steady gas flow, centrifugal fans were firstly started, and then the drying oven, in which the temperature is set as 107.5 ∘ C. Measurements are taken only after outlet temperatures attain steady values. The relative moisture at outlet of shell side was also measured to see whether phase transition happened and the testing data shows that the change of moisture is 7.6%. In order to assure the accuracy of experiments, the test procedures were repeated every thirty minutes for three times and the results were compared with theoretical calculations (in Section 5.1).
Results and Discussion
Comparison with Experiments.
To validate the numerical method, the simulated results were compared with experiments and theoretical calculations. The experiment results are listed in Table 3 . Under the same working conditions, the Advances in Mechanical Engineering 5 temperature of inlet and outlet was measured. The results error of the three tests is small and we used the average data for comparison as shown in Table 4 . The maximum relative error of heat transfer rate between the numerical method and other two methods is less than 16%. The main causes of error could be the location of measuring points and phase transition of a small amount of steam. The measuring points are not exactly at the inlet or outlet, so along the pipeline there may be heat transfer between fluids and room air. Phase transition will release a great deal of latent heat even for little steam. In the numerical model, the fouling resistance was ignored, which may also result in deviation. For engineering analysis, the error is within a permissible range. Hence, the hypotheses are proved to be reasonable and the simplified method could be used in other researches of shell-and-tube exchangers.
Distribution of Temperature and Turbulence.
The temperature and flow field in HRU were investigated. In Figure 7 the temperature of cold fluid increases gradually, and at outlet the temperature difference between two fluids is small. Figure 8 shows the temperature variation trends of hot fluid, cold fluid, and tubes. For the counter flow, the temperature difference of the fluids is Δ 1 = 21 K and Δ 2 = 23 K, and slopes of the three curves are almost the same. From the temperature contour of the cross section (Figure 9 ), we can see that the added heat transfer area of the longitudinal fins can increase heat transfer rate and the temperature gradient is larger. The turbulence intensity of the cross section is shown in Figure 10 . The turbulence intensity around the fins is higher, which can improve the heat transfer coefficient of shell side. The turbulence intensity of tube side is apparently higher than that of shell side. Because of the larger thermal resistance of shell side, the total heat transfer coefficient is small. So increasing the flow rate of shell side could increase the turbulent intensity and enhance the heat transfer. Figures 11 and 12 show the variation of cold fluid temperature 2 with Re. The numerical simulation results agree well with the theoretical calculation. The deviation of 2 is less than 0.3%. In Figure 11 more heat it brings. Therefore decreasing 2 and increasing 1 could increase 2 . It can be seen from the figures that 2 of the finned tube model is always higher than that of smooth tube model, which demonstrates the effective heat transfer in the finned tube model. Nu, Re, and Prandtl number (Pr) are the three characteristic numbers to describe the forced turbulent heat transfer. Nu represents the intensity of heat convection, Re represents the flow status and turbulence intensity, and Pr represents the physical properties related to heat transfer. Their relationship can be expressed as a power function:
Effects of Re on Temperature and Nu.
where Pr changing slightly with temperature and the value is approximately 0.7. Hence the effects of Pr are neglected, and the Re is mainly considered. Figure 13 shows the variation of Nu with the shell side Re. Nu is almost proportional to Re within the range in the diagram. It is obvious that Nu and its slope of the finned tube model are larger than the smooth tube. Figure 14 shows the variation of Nu with the tube side Re. Nu is also proportional to Re and the difference of the two models is little. Figure 15 shows that pressure drop Δ increases with shell side Re for the two models. Δ of the finned tube is larger and growing faster than the smooth tube. At Re = 15000, the Δ of finned tube is about 86% larger than the smooth tube. Figure 16 shows that Δ also increases with tube side Re. It is shown that the two curves overlap with each other; that is to say the structure of fin has no effects on the pressure drop in tube side. The finned tube will gain the shell side pressure drop. In the design and use of finned tubes the heat transfer efficiency and pressure drop should be both taken into consideration.
Effects of Re on Pressure Drop.
Conclusions
HRU is a heat exchange device in printing process, which preheats room air with waste hot air to save energy and improve efficiency. A fluid-solid coupled method was used to simulate heat transfer in HRU and the results were compared with experiments and theoretical calculation. Based on the investigation in this paper, the following conclusions can be drawn.
(1) With the fluid-solid coupled method, the heat flux of fluid surface is computed directly rather than set as constant value. The results of simplified model with one pair of tubes agree well with theoretical calculation and experiments. The hypotheses were proved to be reasonable.
(2) For counter flow, the three temperature curves of fluids and tubes are of almost the same slope. The turbulence intensity around the fins is higher, which can improve the heat transfer coefficient. (3) The effects of Re on characteristics of both finned tube and smooth tube were observed. Under working conditions, Nu and Δ increase with Re. The difference between finned tube and smooth tube is in the shell side. Larger Re of shell side leads to good heat transfer performance but also larger pressure drop which increases the flow resistance.
Research on HRU has important value to improve its performance and provides some references for using and designing energy-saving devices of other industrial processes.
